The Sloan-Kettering viruses (SKVs) are a group of transforming retroviruses that were isolated from chicken embryo cells which had been infected with the avian leukosis virus transformation-defective Bratislava 77 (tdB77). Each of the SKV isolates was shown to contain multiple genomes of different sizes indicating the presence of several viruses in addition to tdB77. To identify and characterize the putative transforming gene(s) of the SKVs, we used hybridization selection to isolate the fraction of a representative cDNA which was SKV specific. Both solution and blot hybridization studies with viral RNAs showed that the specific probe contained a sequence, ski, that was at least partially held in common by the multiple SKV genomes. This conclusion was confirmed by the observation that a molecularly cloned ski probe also hybridized to each of the multiple SKV genomes. Southern blots of chicken DNA revealed homologs of ski (c-ski) which were not associated with endogenous viral loci. Results showing that c-ski was expressed in polyadenylated cytoplasmic RNA of uninfected chicken cells indicated that it is a functional gene. Other data showed that c-ski was conserved in avian and mammalian evolution, suggesting a functional role for the gene in species other than chickens. Using ski eDNA in solution hybridizations with viral RNAs and in Southern blot hybridization with cloned retroviral oncogenes, we did not detect any relationship between ski and any of 15 previously identified oncogenes.
The Sloan-Kettering viruses (SKVs) are a group of transforming retroviruses that were isolated from chicken embryo cells which had been infected with the avian leukosis virus transformation-defective Bratislava 77 (tdB77). Each of the SKV isolates was shown to contain multiple genomes of different sizes indicating the presence of several viruses in addition to tdB77. To identify and characterize the putative transforming gene(s) of the SKVs, we used hybridization selection to isolate the fraction of a representative cDNA which was SKV specific. Both solution and blot hybridization studies with viral RNAs showed that the specific probe contained a sequence, ski, that was at least partially held in common by the multiple SKV genomes. This conclusion was confirmed by the observation that a molecularly cloned ski probe also hybridized to each of the multiple SKV genomes. Southern blots of chicken DNA revealed homologs of ski (c-ski) which were not associated with endogenous viral loci. Results showing that c-ski was expressed in polyadenylated cytoplasmic RNA of uninfected chicken cells indicated that it is a functional gene. Other data showed that c-ski was conserved in avian and mammalian evolution, suggesting a functional role for the gene in species other than chickens. Using ski eDNA in solution hybridizations with viral RNAs and in Southern blot hybridization with cloned retroviral oncogenes, we did not detect any relationship between ski and any of 15 previously identified oncogenes.
We have described a group of avian retroviruses (SloanKettering viruses [SKVs] ) which were isolated in vitro from chicken embryo cells (CECs) infected with the avian leukosis virus transformation-defective Bratislava 77 (tdB77) (35) . The SKVs were shown to transform CECs by their ability to induce both focus formation in monolayer culture and colony formation in soft agar. Two SKV isolates arose during serial passage of tdB77 in SPAFAS line 11 CECs. A third isolate arose during serial subculture of line 11 CECs after a single infection by tdB77.
The three SKV isolates were shown to have several common features: (i) they did not transform bone marrow cells in vitro; (ii) each isolate was a mixture of viruses with different genome sizes, three of which were held in common (8.9, 7.6, and 5.7 kilobases [kb] ) and a fourth RNA species which was either 4.1 or 4.6 kb; (iii) SKV RNAs did not hybridize with cDNAs representing the avian retroviral oncogenes src, erbA, erbB, myb, and myc; (iv) SKV-infected CECs synthesized two novel polyproteins: p110, containing gag and pol viral antigens, and p125, containing only gag antigens (35) .
We proposed that like all other acutely transforming retroviruses, the SKVs possessed oncogene sequences responsible for cellular transformation. It is now virtually certain that retroviral oncogenes (v-onc) were acquired by transduction of host genomic sequences referred to as protooncogenes or c-onc (6 The present studies were undertaken to determine whether SKVs possess a sequence (or sequences) with the properties of the known v-onc. When these studies were begun we did not know which SKV genomes contained a putative transforming gene or whether different genomes would be expected to possess a common gene or different genes. Therefore, rather than molecularly cloning all these genomes, we adopted the procedure of Stehelin et al. (36) to prepare a cDNA representing all SKV-specific sequences in one of the SKV isolates, SKV770. We employed this virus because it contained a more equal representation of the various SKV genomes than did SKV780 or SKV790; this property would facilitate the identification and eventual separation of multiple sequences. We show in the studies performed with this cDNA probe that it contains sequences held in common both among the three SKV isolates and among the various nonhelper genomes of SKV770. These sequences exhibit properties that have become the hallmarks of retroviral oncogenes and suggest that they represent the common transforming gene of the three SKV isolates, v-ski.
MATERIALS AND METHODS
Cells and viruses. Primary CECs were prepared and cultured as described previously (35 (35) .
Preparation of cDNA. Employing 6 to 15 ,ug of 50S to 70S
RNA from SKV770 as template, a 32P-labeled representative cDNA was synthesized and purified as previously described (35) . The fraction of cDNA representing SKV-specific sequences (cDNAsKv) was selected by its inability to hybridize with a vast excess of viral RNA from tdPrB, PrC-RSV, or tdB77. The hybridized cDNA (cDNAALv) and the unhybridized cDNA (cDNAsKv) were separated and purified as described by Stehelin et al. (36) . The cDNASKV was subjected to a second round of selection yielding from 6.1 to 8.8% of the total cDNA in three preparations of cDNAsKv. We also employed 50S to 70S RNA from tdPrB to prepare a 3H-labeled representative cDNA (cDNAALv) as described previously (35) . Isolation of RNA and DNA. Viral 50S to 70S RNAs were isolated from pelleted viruses as previously described (35 (16) . Bacteriophage and plasmid DNAs were purified by published procedures (24) .
Electrophoresis and blotting of RNA and DNA. RNA samples were reacted with glyoxal and fractionated on 1% agarose gels (25) . Gels of labeled RNAs were dried and analyzed by autoradiography. Unlabeled RNAs were transferred to nitrocellulose filters by the procedure of Thomas (37) . Digestions of DNAs with restriction endonucleases were performed as recommended by the supplier and monitored for completeness (16 (22) .
RESULTS
Hybridization of cDNAsKv with viral RNAs. Starting with cDNA representative of the sequences of SKV770 viral RNAs, we isolated the fraction of cDNA (6 to 9%) which failed to hybridize with excess RNA of the helper virus, tdB77 (details described in Materials and Methods). By excising and counting bands of metabolically labeled SKV770 RNA after electrophoresis and autoradiography (see Fig. 2 , for example), we found that the nonhelper genomes constitute 25% of the 50S to 70S RNA. Accounting for the sizes of these genomes and their relative abundances and assuming that the cDNA is perfectly representative, we calculated a sequence complexity of the selected probe of between 1.2 and 1.8 kb.
This cDNAsKv (32p labeled) and an avian leukosis virus Fig. 2]) . SKV770, SKV780, and SKV790 were the original SKV isolates, each of which was shown to contain multiple genomes (35) . SKV785.7 El was a transforming virus produced by a clone of SKV780-transformed cells which was picked from soft agar. This cloned SKV was found to contain a single SKV genome of 5.7 kb in addition to the genome of the helper virus, tdB77 (Fig. 2) . If cDNAsKv comprised multiple unrelated sequences we would expect it to be only partially hybridized by SKV785.7 El viral RNA. However, the results presented in Table 1 show that RNA from each SKV hybridized the cDNAsKV completely, indicating that the vast majority of the cDNA represented a sequence (or sequences) that was present in the 5.7-kb genome of SKV and was held in common by all of the SKV isolates. At least a portion of this sequence most probably represented the transforming gene of SKVs, which was named ski. RNA from SKV770 (4-h harvest) was hybridized at high stringency with cDNASKV (5 x 106 cpm) and exposed to X-ray film. The hybridized probe was denatured (35) , and the blot was reprobed with 32P-labeled cDNAALV. Two lanes, differing by a factor of two in the amount of RNA loaded, are shown to visualize both major and minor RNA species. (b) Northern blot of RNA prepared and hybridized as described above except that the probes employed were nick-translated molecular clones. The ski probe was a 1.2-kb SstI fragment that was subcloned from a phage recombinant containing a partial SKV provirus (34) . The ALV probe was a clone of the tdB77 genome obtained from P. Shank. Numbers are in kilobases.
To determine whether the other SKV genomes contained the same SKV-specific sequences, we hybridized a Northern blot of SKV770 viral RNA with cDNAsKv (Fig. 3a) . The results show that RNAs of 8.9, 7.2, 5.7, and 4.1 kb hybridized with the selected cDNA (the 8.9-and 7.2-kb RNAs are minor species whose hybridization signals were clearly visible on the original X-ray film). When this probe hybridization was denatured and the blot was rehybridized with ALV cDNA, an additional band at 7.6 kb was detected (Fig.  3a) . The hybridization of the 7.6-kb RNA only by cDNAALv confirmed our proposal that the 7.6-kb RNA was the genome of the helper virus, tdB77. The other three RNAs contained both ALV-related and SKV-specific sequences (Fig. 3a) , which indicated that the ski sequence was held in common by all of the SKV-specific genomes in SKV770. This conclusion was further substantiated by the results shown in Fig. 3b in which all of the SKV genomes of SKV770 were found to hybridize with a molecularly cloned ski-specific probe (34) . Again an additional viral genome of 7.6 kb was detected when the blot was rehybridized with an ALV probe (Fig. 3b) .
Cellular homologs of ski. The oncogenes of all acute transforming retroviruses are related to and thought to have originated from sequences in the genomes of the species in which the viruses arose (6) . To investigate the relatedness of ski and sequences in chicken DNA, we hybridized Southern blots of restricted chicken genomic DNAs with cDNAsKv (Fig. 4) . The results indicate that ski was related to sequences in the chicken genome, c-ski, which comprised multiple large restriction fragments with each of the enzymes employed. The size and number of the c-ski restriction fragments suggested that c-ski was either a single gene with multiple intervening sequences, a small multigene family, or Chicken genomic DNAs from cultured CECs of line 0 (ev-), line 11 (SPAFAS), and random-bred chickens (Shamrock) were digested with BamHI, EcoRI, or SstI and blotted by the Southern technique (11) . The blot was probed at high stringency with cDNASKV. Size markers of HindIll-digested lambda phage DNA were detected by including nick-translated (14) lambda DNA in the hybridization mixture. The sizes of these fragments, from the largest to the smallest shown, are 23, 9.4, 6.7, 4.4, 2.3, and 2.0 kb. more than one gene (addition of all fragment sizes in each digest yields >40 kb). The results given in Fig. 4 also show that the c-ski restriction patterns were qualitatively identical among the three lines of chickens we analyzed. The fact that the c-ski fragment patterns of ev-DNA were the same as those of the other two chicken DNAs allowed us to conclude that c-ski was not a part of or closely associated with an endogenous viral locus.
Transcription of c-ski. The cellular homologs of several retroviral oncogenes have been shown to be transcribed into poly(A)-containing RNAs which are presumably mRNAs (6) . In some cases the protein products of these mRNAs were identified with specific antisera against the viral proteins (6) . To determine whether c-ski was transcribed in chicken cells, we analyzed cytoplasmic poly(A)+ RNA from uninfected CECs by Northern blot hybridization with the cloned v-ski probe (Fig. 5) . We detected two c-ski transcripts of about 8 and 5.7 kb in the poly(A)+ RNA from each of the three types of chickens employed in these studies. Neither of these RNA species was detected when the blot was reprobed with an ALV probe (data not shown). By comparing the intensity of the c-ski RNA bands with those obtained from serial dilutions of RNA from SKV-infected cells (Fig. 5) , we estimated that CECs contained 5 to 20 copies of c-ski RNA per cell. This estimate was based on a comparison of the 5.7-kb SKV RNA band and the 8.0-kb c-ski RNA band. We had found by Rot analysis that SKV-infected cells contained about 1,000 copies of SKV RNA, and estimates from Northern blots indicated that the 5.7-kb genome made up 50 to 60% of the total (unpublished data).
Conservation of c-ski. Evolutionary conservation was another hallmark of c-onc which signalled their status as important functional genes (6) . To study the conservation of c-ski we hybridized Southern blots of EcoRI-cleaved avian and mammalian genomic DNAs with cDNASKv (Fig. 6) . By using low-stringency hybridization and washing conditions, we detected c-ski homologs in all of the DNAs analyzed, indicating that c-ski originated at least 300 million years ago (3) . The low intensity of the c-ski bands in mammalian DNA compared with those in avian DNA derived partly from the fact that the mammalian genomes are about twice as large as the avian genomes and about equal amounts of each of the various DNAs were analyzed. It also seemed likely that the evolutionary divergence of c-ski sequences contributed to the low intensity of the mammalian c-ski bands. To approximate the extent of c-ski divergence, we washed the blot sequentially at increasing temperature increments of 100C and reexposed it to X-ray film after each wash. The results (data not shown) indicated that, as expected, the hybrids with avian DNAs were more stable than the hybrids with mammalian DNAs. However, one or two of the c-ski bands in each of the mammalian DNAs melted within 10°C of the avian c-ski hybrids. Recent Southern blot results indicating the presence of c-ski homologs in the genomes of an amphibian, a bony fish, a nematode, and an insect (L. Brennan and E. Stavnezer, unpublished data) tend to support the melting study by also suggesting a relatively high degree of evolutionary conservation for c-ski.
No cDNAsKv hybridization to other retroviral oncogenes. We had previously shown that SKV RNAs did not hybridize with probes representing the avian retroviral oncogenes (11) of EcoRl-digested genomic DNAs from chicken, duck, rat, cat, calf, and human cells was hybridized at low stringency with cDNAsKv. The Hindlll products of lambda phage DNA were used and detected as described in the legend to Fig. 4. erbA, erbB, myc, myb, and src (35) . To test for possible homology between ski and the ros gene of UR2 sarcoma virus (30) , the yes gene of Y73 sarcoma virus (19) , and the fps gene of Fujinami sarcoma virus (30), we hybridized cDNASKV with RNA isolated from these viruses. No hybridization of cDNASKV was detected with any of these viral RNAs; a differently labeled ALV cDNA, included in each reaction as an internal standard, hybridized efficiently (data not shown).
Homologs of several retroviral oncogenes have been found in viruses isolated from different species (1, 4, 5, 31 ). Because we found that c-ski was evolutionarily conserved, it seemed possible that v-ski represented the avian homolog of a previously identified mammalian retroviral oncogene. To test this possibility, we hybridized a Southern blot of 14 cloned viral oncogenes (Table 2 ) with cDNASKv under low-stringency conditions. Only a cloned ski-containing DNA fragment (34) hybridized with the cDNAsKv probe (Fig. 7) . Identical results were obtained in repeats of this experiment employing either cDNAsKv or the cloned v-ski fragment as the probe. DISCUSSION We described the preparation of a cDNA probe which represented unique sequences in the genomes of SKV avian retroviruses. This cDNAsKv included sequences held in common by several different-size SKV genomes but was unrelated to sequences of the helper virus, tdB77. We could not say with certainty that all SKV genomes contained all of (or only) the specific sequences represented by the vast majority of the probe sequences. In addition, we did not exclude the possibility that cDNAsKv contained more than one cell-derived sequence present in SKV genomes; precedents for such a genome organization include the avian viruses avian erythroblastosis virus (6, 38) , E26 (23, 26) , and MH2 (9, 18) , as well as the murine Harvey and Kirsten sarcoma viruses (8, 13) . However, by analogy with similarly prepared probes for other transforming retroviruses, we concluded that at least part of the sequences contained in cDNAsKv represented the SKV transforming gene, ski.
We have molecularly cloned the portion of the 5.7-kb genome of SKV770 that contained the sequences represented in cDNAsKv (34) . We found that the cloned fragment Table 2 for details). Forfms, ski, and yes, purified fragments were employed. The blot was hybridized at low stringency with cDNASKV. contained a single, continuous, cell-derived sequence of 1.3 kb bounded by helper-derived sequences. This value was in good agreement with that calculated from the fraction of total SKV770 sequences included in our selected cDNA probe (1.2 to 1.8 kb). Northern analysis of SKV770 RNA with a 1.2-kb ski-specific fragment from the clone as probe detected all of the RNA species we had detected with the cDNA probe. These results prove that the various SKV genomes possess a common sequence but still do not allow us to conclude either that the entire probe sequence is present in each genome or that each genome possesses only those SKV-specific sequences represented in the cloned fragment. However, when employed to reconstruct an SKV genome, the cloned sequence was active as a transforming gene in vitro (34) . Furthermore, cells transformed by and producing the resulting SKV were found to induce tumors in chickens (unpublished data). Coupled with the fact that the 5.7-kb SKV genome hybridized the specific cDNA completely, these studies have allowed us to conclude that cDNASKv represented the ski gene, exclusively, and that ski is indeed an oncogene.
In the present study we used both a molecularly cloned probe for ski and cDNAsKv to analyze RNA and DNA from embryo cells of three types of chickens: two relatively inbred lines, SPAFAS line 11 (containing evl and ev4) and line 0 (ev-), and one from a random-bred flock from Shamrock Farms. We found that the genomes of these chickens contained ski homologs which yielded identical sets of restriction fragments with three enzymes. We also found that transcription of c-ski sequences by the three types of chickens yielded RNAs of the same sizes (8 and 5.7 kb). We had previously found that SKVs emerged from tdB77-infected CECs prepared from SPAFAS line 11 embryos but not from cells of Shamrock embryos. The present study did not reveal any differences between these chickens with regard to either the gross structure of c-ski or its transcription products which might be related to the generation of SKVs. The finding that the sizes of c-ski DNA fragments and RNA transcripts of ev-chickens were the same as those of the other chickens indicated that c-ski was not part of or closely associated with an endogenous viral locus. This conclusion was supported by the inability of ALV probes to hybridize with either c-ski RNAs or restriction fragments (data not shown). Thus, we have obtained no evidence for a prior association of ALV-related sequences with c-ski in the chicken genome which could be related to the origin of SKVs.
Using conditions which allowed extensive base-pair mismatching, we failed to detect hybridization of cDNAsKV to any of the 15 other retroviral oncogenes we tested (Table 2) . However, when we used the same probe under identical conditions we did detect ski homologs in mammalian genomic DNAs (Fig. 6) . These results allowed us to conclude that none of the other oncogenes tested, including those derived from mammalian species, was a homolog of c-ski and that any possible relationship between v-ski and the other viral oncogenes was a distant one. We have tentatively extended this conclusion to the mil-raf and fos oncogenes because the sizes of EcoRI-generated fragments of both chicken and human DNAs which were detected by fos and raf probes (10, 27) were different from those detected by cDNAsKv (Fig. 6 ). Our conclusion regarding the uniqueness of ski was based on our hybridization data and was not
